The phylogenetic position of the archaebacteria and the place of eukaryotes in the history of life remain a question of debate. Recent studies based on some protein-sequence data have obtained unusual phylogenies for these organisms. We therefore collected the protein sequences that were available with representatives from each of the major forms of life: the gram-negative bacteria, gram-positive bacteria, archaebacteria, and eukaryotes. Monophyletic, unrooted phylogenies based on these sequence data show that seven of 24 proteins yield a significant gram-positivearchaebacteria clade/gram-negative-eukaryotic clade. The phylogenies for these seven proteins cannot be explained by the traditional three-way split of the eukaryotes, archaebacteria, and eubacteria. Nine of the 24 proteins yield the traditional gram-positive-gram-negative clade/archaebacteria-eukaryotic clade. The remaining eight proteins give phylogenies that cannot be statistically distinguished.
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ancestor (Gogarten et al. 1989; Iwabe et al. 1989; Puhler et al. 1989; Woese et al. 1990 ). Although the above view has gained wide acceptance, recent sequence data on a number of highly conserved protein sequences have yielded contradictory phylogenies (Forterre et al. 1993) . Studies based on glutamine synthetase I (Smith et al. 1992; Tiboni et al. 1993; Brown et al. 1994) , glutamate dehydrogenase ( Benachenhou-Lahfa et al. 1993 ) , and hsp70 (Gupta and Golding 1993) protein sequences show a phylogenetic grouping of archaebacteria with the gram-positive eubacterial group rather than with the eukaryotes. Because most comprehensive studies of the main branches of early life have been based mainly on rRNA sequences it is difficult to determine the significance of these seemingly contradictory results.
For some of these sequences, it has been suggested that the anomalous pattern is due to horizontal transfer (Smith et al. 1992) or has been simply left more or less unexplained. For the hsp70 sequence data (Gupta and Golding 1993 ) possible explanations of horizontal gene transfer, convergent evolution, confusion of orthologous sequences, or methodological errors can be ruled out. The 70 kDa heat shock family of proteins (hsp70) constitutes the most conserved protein known at present that is found in all species (Gupta and Golding 1993) and the phylogenetic patterns for the hsp70 homologs are clear and statistically well supported. Homologs from different taxa have characteristic sequence features that are unlikely to be due to convergence. The "molecular chaperone" function of hsp70 is specialized in each cell 2 Golding and Gupta lular compartment with a unique hsp70 form in cytoplasm, endoplasmic reticulum (ER), mitochondria, and chloroplasts. The mitochondrial and chloroplast forms are clearly prokaryotic-like and distinct from the eukaryotic forms. The mitochondrial and chloroplast forms bear all signature sequence characteristics of the prokaryotic homologs (Gupta and Golding 1993 ) . The eukaryotic cytosolic and ER hsp70 homologs constitute paralogous sequences that diverged from each other near the beginning of eukaryotic evolution (Gupta et al. 1994) . Both these groups of sequences from species as ancient as Giardia lamblia contain numerous signature sequences that are not found in any of the prokaryotic or organellar homologs (Gupta et al. 1994) . However, the most distinctive feature of the hsp70 family of proteins is a relatively conserved insert of 23-27aa that is present in the same position in all hsp70s from gramnegative eubacteria and eukaryotic species but absent in all of the homologs from archaebacteria and gram-positive eubacteria. This points to a specific relationship between archaebacteria and gram-positive bacteria on the one hand and the gram-negative eubacteria and eukaryotic species on the other. This relationship is strongly supported by the hsp70 phylogeny, and the pattern obtained is unaffected by exclusion of the sequence corresponding to the insert.
These results raise important questions regarding the origin of eukaryotic cells and the possible relationship between the archaebacterial and the gram-positive groups of organisms. To explain the contradictory phylogenies obtained using different gene sequences, we have recently suggested a chimeric model for the origin of eukaryotic cells that postulates the origin of the eukaryotic cell by a primary fusion (or endosymbiotic event) between an archaebacteria and a gram-negative eubacteria (see Gupta and Golding 1993; Gupta et al. 1994; Lake and Rivera 1994) . The model proposed predicts that various eukaryotic gene sequences will show greater similarity to homologs from either the gram-negative eubacteria or archaebacteria but not to the gram-positive eubacterial species. To test this model we have collected proteins in the databases for which sequences are available from gram-positive and gram-negative bacteria, archaebacteria, and eukaryotes. Because many sequences are known for some proteins, a maximum of two sequences from each major group were initially chosen. Wherever possible these were chosen from widely separated species (e.g., human and yeast sequences were chosen for the eukaryotic group rather than human and mouse sequences). A total of 24 proteins were found that fulfilled these criteria.
All sequences were aligned using the PIMA algorithm (Smith and Smith 1992) and analyzed using a maximum likelihood algorithm (Kishino et al. 1990; Adachi and Hasegawa 1992) and a protein parsimony algorithm (Felsenstein 1993) . The differences in the likelihoods or the differences in the number of amino acid replacements can be compared to determine significance. These standard tests are based on the assumption that the individual sites are identical, independently distributed samples from the same phylogeny. Since the species within each of the four major groups of organisms diverged billions of years ago, the statistical reliability of the phylogeny inference methods can be questioned. In particular both parsimony and distance methods suffer from the phenomena that "long branch lengths attract," also known as Felsenstein's paradox or zone (Felsenstein 1978) . The performance of the protein maximum likelihood algorithm has not been tested within this zone, but by analogy with the DNA maximum likelihood algorithms, it should not be strongly affected.
Results are shown in table 1 for each of the three possible unrooted trees based on the four groups-grampositive bacteria (P), gram-negative bacteria (N), archaebacteria (A), and eukaryotes (K). Each of the four groups is assumed to be monophyletic. Since the trees inferred by different methods can differ, an a priori criterion was chosen to select among topologies. The criterion that we have used is that both methods must prefer the same tree and that at least one tree is significant. On the basis of this criterion, all the sequences fall into three groups. One group of nine proteins supports the traditional eukaryote-archaebacteria clade showing a closer relationship between archaebacteria and eukaryotic homologs. However, another group of seven proteins supports a gram-positive-archaebacteria clade. The remaining eight proteins give trees that are either contradictory or do not statistically differ from each other. These eight proteins cannot be interpreted to support or refute any of the phylogenies. In addition to these protein sequences, sequence data on 27 ribosomal proteins were also analyzed in the same manner (results not shown). In congruence with the rRNA data, they all either support a eukaryote-archaebacteria clade or give equivocal answers.
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It is significant that none of the 24 proteins supports a gram-negative-archaebacteria (or gram-positive-eukaryote) clade. This provides strong evidence that the methods are not generating completely false significance scores because the sequences are too distantly related or no longer contain traces of their ancestry. If this were the case, then an equal number of proteins would be expected to support each of the three alternative phylogenies. The observed results are thus in complete accordance with the proposed chimeric model.
To further investigate the phylogenies of the seven proteins that suggest a gram-positive-archaebacteria clade, more sequences for these proteins were collected from the databases. Trees for three of the seven proteins have been published elsewhere. These include the dnak or hsp70 proteins (Gupta and Golding 1993) , the gdh proteins ( Benachenhou-Lahfa et al. 1993 ) and the glna proteins (Brown et al. 1994) . Both the gdh and glna proteins have had early divergences into multigene families. But even within these multigene clusters the archaebacteria still cluster with gram-positive bacteria if a representative is present within the gene family. The dnak or hsp70 proteins form a distinct gene family with members easily recognized. The hsp70 phylogeny suggests polyphyly for the archaebacteria within the grampositive-archaebacterial cluster. The hsp70 proteins have several amino acid replacements. and a large shared deletion that clearly indicate a closer relationship between gram positive and archaebacteria than between any other group ( Gupta and Golding 1993 ) . The results found here confirm that each of these proteins indicate a eukaryote-gram-negative (or gram-positive-archaebacteria) clade.
More sequences were also collected for the other four proteins from table 1 that also show this topology. An additional 14 eukaryotic, six mitochondrial, and one gramnegative sequences were found for the aspartate aminotransferase (aat) proteins. Again a gram-positive and archaebacterial clade is significantly preferred in comparison with any other monophyletic clades for these groups (maximum parsimony counts of 3,577 f 19.1, 3,576 + 19.2, and 3,363 (P < 5%), in the same order as in table 1). One additional eukaryotic and one additional gramnegative bacterial pyrroline-5-carboxylate (proc) sequence give likelihoods for the three possible phylogenies of -4,672 & 3.9, -4,67 1 + 4.4, -4,667 (not significant), and maximum parsimony counts of 1,413 + 9.6, 1,399 f 10.1, and 1,375 (P < 5%). This represents a nonsignificant preference via maximum likelihood and a significant preference via maximum parsimony. One additional eukaryotic sequence for deoxyribodipyrimidine photolyase (phr) gives maximum likelihoods of -7,363 k 7.1, -7,364 f 8.0, -7,348 (P < 5%), and maximum parsimony counts of 2,260 + 10.2,2,264 f 9.7, and 2,232 (P < 5%), a significant preference via both methods. Adding 10 eukaryotic, five gram-negative, one gram-positive, and two archaebacterial ferrdoxin (fer) sequences again preferentially clusters the gram positive and archaebacteria and excludes the other two alternatives (via maximum parsimony, 1,76 1 f 6.5, 1,763 + 6.5, and 1,743 (P < 5%)). Maximum likelihood trees were not calculated for the aat andfer proteins because of the large number of sequences. In addition, these sequences were aligned using the CLUSTAL algorithm and reanalyzed. But again, this does not change their indications of a eukaryote-gram-negative clade. Additional sequences for each of the proteins did not alter the indications in table 1. A eukaryote-gram-negative (or gram-positivearchaebacteria) clade is the best of the three possible monophyletic phylogenies. If monophyletic phylogenies arc not assumed, each of these proteins yields a polyphyletic phylogeny somewhere within the tree. For the hsp70 it is the archaebacteria that appear to be polyphyletic within the gram-positive group.
Nine of the protein sequences in table 1 (as well as the rRNA and ribosomal protein sequence data) point to a closer relationship between the archaebacteria-euEukaryotic Origins 5 karyotes than between the eubacteria (gram negative or gram positive) and eukaryotic organisms. However, nine is just over half of the 16 proteins for which a statistically significant result is found. The other seven proteins support a gram-negative-eukaryote relationship. That seven proteins all give the same alternate tree and none give the third alternative suggests that this cannot be due to errors in the methodology. Incorrect alignments, for example, would not give significant topologies and would not be biased toward just one topology.
Thus, sequence data on all available proteins (particularly those that are highly conserved across all three domains) support the notion that a specific phylogenetic linkage or relationship exists between the archaebacteria and the gram-positive bacteria. While it has been suggested that some of the unusual topologies could be due to horizontal transfer, there are several lines of evidence that show this is not the cause. For the hsp70 sequence data this possibility has been ruled out (see Gupta and Golding 1993; Gupta et al. 1994; and above) . For aspartate aminotransferase, the mitochondrial and cytosolic forms are known and in all of the tests performed here they were considered eubacterial and eukaryotic, respectively. Finally, if horizontal transfer is sufficiently common to affect approximately half of all proteins, then it must occur only between eukaryotes and gram-negative bacteria to the effective exclusion of all other groups. Similarly, an explanation due to convergent evolution would require an unrealistic excess of parallel changes compared with all other sequence changes.
To reconcile the two types of tree topologies as suggested by various protein-sequence data, it becomes necessary to postulate (as originally suggested by Zillig 199 1) that the ancestral eukaryotic cell nucleus was a chimera formed from a fusion of a gram-negative bacteria and an archaebacteria (Gupta and Golding 1993 ) . The methods discussed here cannot accurately determine rooted trees, but one scenario of a rooted tree that reflects Zillig's hypothesis is shown in figure 1 . This rooted tree would yield the two different unrooted topologies found here depending on the gene chosen. Rivera and Lake's ( 1992 ) observations on EF-1 c1 and EF-2 sequences indicate that the archaebacterial fusion partner was very likely a thermoacidophillic archaebacterium, but more data are required to confirm this and to identify the gram-negative ancestor. A chimeric origin of eukaryotes would yield some proteins that would support a eukaryote-archaebacteria phylogenetic history while others would support a eukaryote-gram-negative history depending on the resolution of the duplicate genes in the fused ancestor into a single proeukaryotic genome. During the evolution of the eukaryotic genome from the chimeric ancestor, it is likely that the entire translation (and perhaps transcription) apparatus was taken as a whole from either the archaebacterial or gram-negative ancestor. Sequence data on various translational / transcriptional-related genes (e.g., rRNA, ribosomal proteins, EF-2, EF-Tu, RNA polymerase, TATA-element binding protein) (Iwabe et al. 1989; Lake 1989; Puhler et al. 1989; Rowland et al. 1994) suggest that they originated as a single unit from the archaebacterial ancestor. In view of this, it is probable that the translational/transcriptional-related gene sequences do not provide independent estimates of the phylogeny. After the fusion event natural selection may have led to greater rates of divergence in the eukaryotes to help create a functioning single genome.
The data presented here show that the unusual phylogenies that have been reported for some proteins are not isolated anomalies. Instead, many proteins have phylogenies that suggest an ancient relationship between the gram-positive bacteria and archaebacteria. Our observation that nearly half of the available proteins point to a specific relationship between these two groups cannot be easily explained by other hypotheses. 
